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The nucleus is the largest organelle and is commonly depicted in the center of the cell. Yet during
cell division, migration, and differentiation, it frequently moves to an asymmetric position aligned
with cell function. We consider the toolbox of proteins that move and anchor the nucleus within
the cell and how forces generated by the cytoskeleton are coupled to the nucleus to move it. The
significance of proper nuclear positioning is underscored by numerous diseases resulting from
genetic alterations in the toolbox proteins. Finally, we discuss how nuclear position may influence
cellular organization and signaling pathways.Introduction
Diagrams in biology textbooks usually depict the nucleus as
a spheroid in the center of the cell. However, the position of
nuclei varies dramatically from this simple view. Nuclei are
frequently positioned asymmetrically depending on cell type,
stage of the cell cycle, migratory state, and differentiation status.
For example, during cell division in budding yeast, nuclei are
moved into the bud neck so that each daughter cell receives
one (Figure 1A). Nuclei are actively positioned in the middle of
the fission yeast S. pombe, ensuring that the division plane
produces two equal daughter cells. In fertilized mammalian
and invertebrate eggs, male and female pronuclei move toward
each other and fuse near the middle of the zygote, ensuring that
the ensuing cell division creates two equal daughter blasto-
meres. Asymmetric divisions—typical of early embryos and
stem cells—frequently reflect a prepositioning of the nucleus.
Though nuclear positioning to affect the cell division plane
makes intuitive sense, asymmetric positioning occurs in nondi-
viding cells, where the purpose is less obvious. For example, in
the developing optic epithelium in Drosophila, nuclei move
basally and then apically to establish the characteristic arrange-
ment of cells in the ommatidium (Figure 1A). An analogousmove-
ment of nuclei occurs over the cell cycle in the developing
vertebrate neuroepithelium. In most migrating cells, the nucleus
is positioned in the rear, well removed from the protruding front
(Figure 1B). Nuclei in numerous differentiated animal tissues,
such as skeletal muscle, many epithelia, and neurons, are also
asymmetrically positioned (Figure 1C and Table1). These exam-
ples suggest that nuclei are positioned for specialized cellular
functions and that abnormal positioning could lead to dysfunc-
tion and disease.
Position of nuclei can be modified secondarily to changes in
cytoplasmic organization. For example, when macrovesicular
fat accumulates in hepatocytes in alcoholic or nonalcoholic stea-
tosis, nuclei are forced to the cell’s periphery. Similar changes in
nuclear position may occur in cells with abundant secretory
granules. However, recent research has discovered regulated,1376 Cell 152, March 14, 2013 ª2013 Elsevier Inc.cytoplasmic mechanical systems that function primarily to exert
forces on the nucleus via connections to the nuclear envelope.
These systems maintain the position of the nucleus or move it
during processes such as cell migration and differentiation.
Though their role in homeostatic nuclear positioning is poorly
understood, mechanistic details are being deciphered in cases
where nuclei move.
We review systems in which progress is being made in under-
standing nuclear movement and positioning, and we identify
the molecular toolbox that cells use for these processes. This
toolbox includes specific nuclear envelope connections to
cytoskeletal force-generating systems. We then evaluate how
this toolbox is employed and identify conserved mechanisms
that use microtubules (MTs) and actin filaments as force gener-
ators. Genes encoding toolbox proteins are targets of mutations
that cause disease, raising the possibility that inappropriate
nuclear positioning contributes to pathogenesis. As active
nuclear movement suggests that its relative position may influ-
ence other cellular systems, we consider the significance of
nuclear positioning for cytoskeletal organization, signaling, and
transcriptional control.
The Nuclear Positioning Toolbox
The molecular toolbox for nuclear positioning contains: (1)
elements of the cytoskeleton and (2) protein complexes of the
nuclear envelope. The cytoskeletal elements generate forces
to move the nucleus. The protein complexes spanning the
nuclear membranes mediate attachment of cytoskeletal ele-
ments to the nucleoskeleton (Figure 2).
Cytoskeletal Elements
Actin filaments, MTs, and associatedmotor proteins are the prin-
cipal cytoskeletal elements of the nuclear positioning toolbox.
Cytoplasmic intermediate filaments may also play a role, but
this is currently poorly defined. In some cases, a single cytoskel-
etal element drives nuclear movement, as in MT-dependent
movement of male and female pronuclei after fertilization and
actin-dependent rearward movement of nuclei in fibroblasts
polarizing for migration. In other cases, MTs and actin filaments
collaborate to move nuclei, as in migrating neuronal cells. The
role of these cytoplasmic elements in different systems is dis-
cussed in detail below.
Protein Complexes in the Nuclear Envelope
An exciting advance in the past few years has been the identifi-
cation of the linker of nucleoskeleton and cytoskeleton (LINC)
complex in the nuclear envelope that mediates connections to
both MTs and actin filaments (Crisp et al., 2006). LINC
complexes are composed of outer nuclear membrane KASH
(klarsicht, Anc1, and Syne homology) proteins and inner nuclear
membrane SUN (Sad1 and Unc-83) proteins, both of which are
type II membrane proteins with a single transmembrane seg-
ment (Starr and Fridolfsson, 2010) (Figure 2A). KASH and SUN
proteins have been described in metazoan, fungi, and recently
plants (Razafsky and Hodzic, 2009; Zhou et al., 2012a). KASH
proteins are characterized by a conserved 60 residue KASH
domain at their C terminus, which includes a transmembrane
segment and up to 30 residues that project into the perinuclear
space between inner and outer nuclear membranes. KASH
domains in fungi and plants are less conserved than those in
metazoans. SUN proteins contain a conserved SUN domain
located within the perinuclear space. Five genes encode SUN
proteins in mammals, although only two of these (SUN1 and
SUN2) are widely expressed; lower eukaryotes have one or
two SUN proteins (Starr and Fridolfsson, 2010).
The crystal structure of SUN2 reveals an interesting mush-
room-like trimer with a ‘‘cap’’ composed of SUN domains and
a triple coiled-coil stalk, which is required for trimer formation
(Figure 2B) (Sosa et al., 2012; Zhou et al., 2012b). Predictions
of the length of this stalk suggest that the SUN protein could
span the nearly 50 nm between inner and outer nuclear
membranes (Sosa et al., 2012). Each SUN protein binds three
KASH peptides in deep grooves between adjacent SUN
domains in the trimer (Figure 2B). A KASH-SUN disulfide bond
may further stabilize the complex.
The trimeric SUN-KASH structure raises intriguing questions
about higher-ordered KASH-SUN protein assemblies, particu-
larly if KASH proteins are indeed dimericmolecules as predicted.
The binding pocket between SUN2 subunits suggests that it
will accommodate related KASH domains and that SUN1 and
SUN2 bind KASH proteins promiscuously (Starr and Fridolfsson,
2010). Yet there is an example in cells in which a specific KASH-
SUN pair assembles to move the nucleus (Luxton et al., 2011).
The apparent tight packing within the SUN-KASH complex
also raises questions about its assembly and regulation. KASH
and SUN proteins have diffusional mobilities similar to other
nuclear membrane proteins, indicating that they are likely in
dynamic complexes (O¨stlund et al., 2009). TorsinA is a potential
regulator of the LINC complex, as it localizes to the ER lumen and
perinuclear space and shows affinity for KASH domains (Nery
et al., 2008; Tanabe et al., 2009). TorsinA’s homology to AAA
ATPases suggests that it may chaperone assembly or disas-
sembly of LINC complexes (Tanabe et al., 2009).
Specificity of LINC complexes is determined by the N termini
of KASH proteins, which are variable in size and ability to bind
cytoskeletal elements (Figure 2C). In mammals, KASH proteins
(termed nesprins) are encoded by five genes, some of whichgenerate multiple isoforms by alternative RNA splicing. The
‘‘giant’’ isoforms nesprin-1G and nesprin-2G (>800 kDa) en-
coded by SYNE1 and SYNE2, respectively, bind actin through
calponin homology (CH) domains near their N termini (Luxton
et al., 2011; Zhang et al., 2001). Much of their large cytoplas-
mic region is predicted to be composed of spectrin repeats, sug-
gesting a structure reminiscent of dystrophin with an extended
but flexible core and the potential for dimerization. Nesprin-1
and nesprin-2 isoforms also interact with the MT motors kine-
sin-1 and dynein, although whether binding is direct is unknown
(Yu et al., 2011; Zhang et al., 2009). In C. elegans, the KASH
protein Unc-83 interacts directly with kinesin-1, dynein, and
dynein regulators, including BicaudalD and NudE homologs (Fri-
dolfsson et al., 2010; Fridolfsson and Starr, 2010). Nesprin-3a,
an isoform encoded by SYNE3, binds the crosslinking protein
plectin, which binds cytoplasmic intermediate filaments (Wil-
helmsen et al., 2005). Nesprin-4 encoded by SYNE4 has a short
N terminus that associates with MTs through kinesin-1 and is
restricted in expression to highly secretory cells and hair cells
of the cochlea (Horn et al., 2013; Roux et al., 2009). Aside from
spectrin repeats, there are no other recognizable domains in
nesprins 1–4. A meiosis-specific ‘‘nesprin’’ termed KASH5
binds the dynein regulator dynactin (Morimoto et al., 2012).
Lower eukaryotes express actin- and MT motor-binding KASH
proteins, although there is less genetic complexity in these
organisms. For example, there are two KASH proteins in
Drosophila and four in C. elegans (Figure 2C) (Starr and Fridolfs-
son, 2010).
At the intranuclear side of the LINC complex, SUN proteins
bind to nuclear lamins (Crisp et al., 2006; Haque et al., 2006).
Lamins are intermediate filament proteins that polymerize to
form the nuclear lamina, a meshwork underlying the inner
nuclear membrane. Lamins A and C (A-type lamins), which are
alternative splice isoforms of the same gene, and lamins B1
and B2 are the predominant lamins expressed in differentiated
mammalian somatic cells. N termini of SUN1 and SUN2 bind
to lamin A, mediating their interaction with the lamina. Hence,
the LINC complex, via KASH protein interactions with cytoskel-
etal proteins and SUN protein interactions with lamins, connects
the nucleoskeleton to the cytoskeleton.
In mammalian cells lacking A-type lamins, SUN proteins still
localize to the nucleus (Crisp et al., 2006; Haque et al., 2006),
although they and their nesprin partners have increased mem-
brane diffusional mobility (O¨stlund et al., 2009). This suggests
that other factors contribute to LINC complex anchoring. Indeed,
yeast lack lamins but still employ KASH and SUN proteins to
attach the nucleus to the cytoskeleton. In S. pombe, the hetero-
chromatin-binding protein Ima1 anchors the SUN protein Sad1,
a component of the spindle pole body (King et al., 2008). SAMP1,
the mammalian lma1 ortholog, localizes to LINC complex
assemblies that attach actin to the nucleus (Borrego-Pinto
et al., 2012). Emerin, which is an integral protein predominantly
localized to the inner nuclear membrane, binds to lamins and
nesprins (Mislow et al., 2002; Zhang et al., 2005). Additionally,
SUN1 associates with nuclear pore complexes (Liu et al., 2007).
LINC complex components constitute the major tools for con-
necting the nucleus to the cytoskeleton, yet they may not be the
only ones. Dynein interacts with Bicaudal2, which in turn binds toCell 152, March 14, 2013 ª2013 Elsevier Inc. 1377
Figure 1. Diversity of Nuclear Positioning
(A) Schematics of nuclear positioning in dividing cells and developing epithelium. Arrows indicatemovements of nuclei (blue). The nucleus is positioned relative to
the plane of division in yeast and fertilized eggs. The diagram of insect optic epithelium (adapted from Patterson et al., 2004; Tomlinson and Ready, 1986)
represents a longitudinal section of a larval eye disc; two nuclei are shown. Nuclei that are anterior (A) to the morphogenetic furrow (mf), which moves anteriorly,
move basally. Nuclei that are posterior (P) to the furrow move apically as cells are recruited into clusters comprising ommatidium (white cells, cones; gray cells,
R cells). The diagram of vertebrate neuroepithelium represents a longitudinal section of the developing cerebral cortex. Nuclei move basally during G1 and
apically during G2. Mitosis (M) occurs near the apical surface. Adapted from Buchman and Tsai (2008) with permission.
(B) Rearward nuclear position is typical of migrating cells. (Left) Schematic of a migrating cell with protruding leading edge and contracting tail. (Red)
Actin filaments. (Right) Montage of migrating cells with front-back dimensions normalized. Dotted line represents the midpoint between the front and
back. Nuclei are positioned along the front-back axis but always rearward of the cell center. Images reproduced with permission from: fibroblast (Gomes
(legend continued on next page)
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Table 1. Nuclear Positions in Mammalian Cells and Tissues
Cell Tissue Nuclear Position Axis Alignmenta Comments
Proliferating Cells
Somatic cells central NA
Stem cells usually asymmetric various; niche related
Germ cells, oocytes asymmetric NA moves centrally after fertilization
Migrating Cells
1D (cultured fibroblast) asymmetric front-rear
2D (cultured; many types) asymmetric front-rear see Figure 1
3D (cultured fibroblast) asymmetric front-rear
3D (dermal sarcoma cells) asymmetric front-rear
3D (neurons in cortex) asymmetric front-rear
Macrophages, neutrophils asymmetric front-rear
Tissues
Muscle, skeletal asymmetric, complex peripheral-central clustered at neuromuscular junction
Muscle, cardiac central NA
Muscle, smooth central NA
Epithelia, squamous central NA
Epithelia, cuboidal central NA
Epithelia, columnar asymmetric apical-basal
Epithelia, pseudostratified asymmetric apical-basal cell-cycle dependent
Epithelia, secretory asymmetric apical-basal aligned with secretory axis
Neurons asymmetric proximal-distal
Astrocytes/oligodendricytes central NA
Connective Tissue
Osteoblasts/osteocytes central NA
Osteocytes, actively secreting asymmetric front-rear relative to secretory axis
Osteoclasts asymmetric front-rear
Chondroblasts/chondrocytes central NA
Chondrocytes, actively secreting asymmetric front-rear relative to secretory axis
Fibrocytes, resting central NA
Adipocytes asymmetric NA
Hematopoetic
Macrophages asymmetric front-rear
T cells, migrating or contacting target cell asymmetric front-rear
B cells, plasma cells asymmetric front-rear
aPosition in italics.RANBP2 at the cytoplasmic face of the nuclear pore complex
(Splinter et al., 2010). This association targets dynein to the
nucleus during G2 and may contribute to nuclear envelope
breakdown. However, it could be an alternative means to target
dynein for nuclear movement. Certain muscle-specific nuclear
membrane proteins accumulate along MTs, suggesting that
the nuclear positioning toolbox may also contain tissue-specific
tools (Wilkie et al., 2011).et al., 2005), breast carcinoma (McNiven, 2013), keratocyte (Barnhart et al., 2010
neuron (Godin et al., 2012).
(C) Nuclear positioning in mammalian tissues. Cross-sections of kidney cortex a
centrally in the distal (D) convoluted tubules and basally in proximal (P) convoluted
but are found centrally in dystrophic tissue.Initiation of Nuclear Movement
Specific sets of tools become activated to move the nucleus in
response to stimuli. In pronuclear migrations in fertilized eggs,
formation of MTs by the sperm centrosome initiates movement
of bothmale and female pronuclei. Activation of the Rho GTPase
Cdc42 by the serum factor lysophosphatidic acid (LPA) initiates
nuclear movement in migrating fibroblasts by activating actin
retrograde flow (Gomes et al., 2005; Palazzo et al., 2001).), endothelial cell (Tsai and Meyer, 2012), astrocyte (Osmani et al., 2006), and
nd skeletal muscle stained with hematoxylin and eosin. Nuclei are positioned
tubules. Nuclei are positioned at the periphery of normal skeletal muscle fibers
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Figure 2. Molecular Toolbox for Nuclear Movement/Positioning
(A) Schematic of an idealized LINC complex in nuclear envelope. The inner
nuclear membrane (INM) SUNs bind within the perinuclear space to outer
nuclear membrane (ONM) KASH proteins. KASH proteins bind directly or
indirectly to cytoskeletal filaments, including MTs, actin microfilaments, and
cytoplasmic intermediate filaments. In metazoans, SUNs bind to the nuclear
lamina; in yeast and plants, other intranuclear proteins bind SUNs. A nuclear
pore complex (NPC) is shown for reference.
(B) Side view of the structure of the SUN2-nesprin2 KASH complex. Trimeric
SUN2 domains are represented by different shades of blue, and the KASH
peptide is in orange. The structure illustrates the orientation of the KASH
1380 Cell 152, March 14, 2013 ª2013 Elsevier Inc.Cdc42 is also essential for nuclear movements in neuronal
migration (Solecki et al., 2004) and neuronal precursors in the
neuroepithelium (Cappello et al., 2006). Nuclear movement in
the neuroepithelium is under cell-cycle control, and interference
with cell-cycle progression prevents it (Taverna and Huttner,
2010). These examples indicate that initiating nuclear move-
ments involves the de novo assembly of cytoskeletal compo-
nents of the toolbox. However, this is a fledgling area of inquiry,
and other processes such as activation of motors or relaxation of
nuclear anchoring may contribute to initiating nuclear move-
ment. Almost nothing is known about factors terminating nuclear
movement.
Characteristics of Nuclear Movements
Nuclear movements occur in different cellular contexts and are
powered by different cytoskeletal elements. It is therefore not
surprising that they have different characteristics (Table 2).
Velocities vary between 0.1 and 1.0 mm/min, although peak rates
can be >10 mm/min for sperm pronuclei in Xenopus eggs.
Distances transversed during single episodes are generally one
nuclear diameter (5–10 mm) or less, although they are longer in
fertilized eggs and in the neuroepithelium. Nuclear movements
are usually continuous and unidirectional. However, high-
temporal-resolution imaging of nuclei in C. elegans hypodermal
cells revealed short pauses and bidirectional movements, sug-
gesting additional complexity (Fridolfsson and Starr, 2010).
During basal movement in the rat neuroepithelium, nuclei pause
for hour-long intervals before continuing in the same direction,
suggesting complex regulation. This diversity of nuclear move-
ments provided an early clue that there is more than one mech-
anism responsible.
MT-Mediated Nuclear Movement
Pioneering studies on invertebrate and vertebrate eggs revealed
that there are distinct mechanisms by which MTs connect to the
nucleus to move it (reviewed in Reinsch and Go¨nczy, 1998). The
male pronucleus, which forms after sperm entry into the egg,
nucleates MTs from its centrosome and moves toward the
middle of the cell. The female pronucleus laterally engages
MTs emanating from the male pronuclear-centrosome complex
and moves along them to join the male nucleus near the cell
center. Male pronuclear movement is generated by MT growth
and pushing along cortical sites and/or sites within the cyto-
plasm (Reinsch and Go¨nczy, 1998). Force is transmitted to the
nucleus through its intimate association with the centrosome
and centrosomal MTs. Female pronuclear movement is gener-
ated by attached cytoplasmic dynein motors that move it toward
MT minus ends at the sperm centrosome. Research on nuclearpeptide between adjacent SUN domains. Modified from Sosa et al. (2012) with
permission.
(C) Schematic diagrams of KASH proteins from representative organisms and
the cytoskeletal filaments to which they bind. Binding to actin filaments is
mediated by CH domains and binding to cytoplasmic intermediate filaments
by plectin. Binding toMTs ismediated by dynein and kinesins; direct binding to
MTs has not been reported. The specific splice variants of nesprin-1 and
nesprin-2 that interact with MT motors are unknown; for simplicity, a short
variant of each is depicted. H.s., Homo sapiens; M.m., Mus musculus; D.m.,
Drosophila melanogaster; C.e., Caenorhabditis elegans; S.p., Schizosacchar-
omyces pombe.
Table 2. Physical Characteristics of Typical Nuclear Movements
System Rate (mm min1) Distance (mm) Mode Dependence References
Fertilized Egg
Male pronucleus, Xenopus 16 100–300 ? MT polymerization Reinsch and Go¨nczy, 1998
Female pronucleus, Xenopus 0.2–1.5 100–300 ? dynein Reinsch and Go¨nczy, 1998
Migrating Neurons
Cortical brain slice 0.33 1–5 saltatory MT and myosin II Tsai et al., 2007
SVZ explants, matrigel 1.2–5 2–5 saltatory Schaar and McConnell, 2005
Granular neurons on radial glia 1.0 1.3 saltatory MT and myosin II Solecki et al., 2004;
Solecki et al., 2009
Radial Glia INM, Cortical Brain Slice
Basal directed 0.14 30–50 intermittent with
long pauses
kinesin3 Tsai et al., 2010
Apical directed 0.06 30–50 continuous dynein Tsai et al., 2007
Other Systems
Fibroblasts polarizing for migration 0.28–0.35 5–10 continuous actomyosin flow Gomes et al., 2005;
Luxton et al., 2010
Astrocytes polarizing for migration 0.05 10 continuous actomyosin flow Dupin et al., 2011
Oocyte (D.m.) 0.07 5–10 continuous MT polymerization Zhao et al., 2012
Hypodermal cell (C.e.) 0.23 3.3 continuous kinesin1 Fridolfsson and Starr, 2010
Budding yeast 1.18 1–2 continuous dynein (and MT
depolymerization)
Adames and Cooper, 2000
D.m., Drosophila melanogaster; C.e., Caenorhabditis elegans.movement has progressed from fertilized eggs to more molecu-
larly tractable systems, yet the idea that distinct MT-dependent
processes move the nucleus has persisted and has been
strengthened by newer studies.
Nuclear Movement by MT Pushing and Pulling Forces
In the male pronuclear form of nuclear movement, an MT orga-
nizing center (MTOC) connects the nucleus to MTs, and MT
dynamics power movement (Figure 3A). This form of nuclear
movement occurs before cell division in the budding yeast
S. cerevisiae (Adames and Cooper, 2000), the fission yeast
S. pombe (Tran et al., 2001), early C. elegans embryos (Go¨nczy
et al., 1999), Drosophila oocytes (Zhao et al., 2012), and
cultured mammalian cells (Levy and Holzbaur, 2008). The
MTOC is either embedded in the nuclear envelope (yeast
spindle pole body) or is tightly associated with it (other
systems). In C. elegans, the centrosome connects to the nuclear
envelope through the LINC complex proteins Zyg-12, a KASH
protein, and SUN1 (Malone et al., 2003). Outer nuclear
membrane Zyg-12 binds to dynein, moving the centrosome
close to the nucleus and promoting association between Zyg-
12 and a centrosomal splice variant lacking the transmembrane
domain. Zyg-12 is not conserved, so whether a similar mecha-
nism is present in other organisms is unclear. Defects in A-type
lamins and emerin increase spacing between the nucleus and
centrosome in mammalian cells (Lee et al., 2007; Salpingidou
et al., 2007); however, it is not clear that these proteins directly
link them.
For male pronuclear type of nuclear movement, forces are
generated by MTs interacting with cortical or cytoplasmic sites
(Figure 3A). The interaction can be simply physical or mediatedby anchored dynein. In S. pombe, interaction of growing MTs
with the periphery generates pushing forces that maintain the
nucleus in themiddle of the cell (Tran et al., 2001). Pushing forces
are restricted to systems in which relatively short distances
(10 mm) are involved because longer MTs cannot withstand
compressive forces. Thus, in larger cells, MT pulling forces
contribute to centrosome movements. In most cases, pulling
forces are generated by cortically anchored dynein (Grill et al.,
2003; Schmoranzer et al., 2009), as originally described in
budding yeast, where dynein immobilized in the bud pulls on
spindle-pole-body-associated MTs, moving the nucleus toward
the bud neck (Adames and Cooper, 2000).
In syncytial cells with multiple nuclei, a more complex MT pull-
ing mechanism exists. In the filamentous fungus Aspergillus, in
which genetic screens revealed roles for dynein and its regula-
tors in nuclear positioning (Morris et al., 1998), MT anchoring at
cortical sites appears to evenly space nuclei in the syncytial
hyphae (Gladfelter and Berman, 2009). In differentiating insect
and mammalian muscle cells, which lack active centrosomes,
MT minus ends associate directly with the nuclear envelope
through uncharacterized factors. These cells also use dynein
pulling and MT sliding by kinesin-1 and MT-associated proteins
to cluster nuclei near the center of syncytial myotubes (Folker
et al., 2012; Metzger et al., 2012).
Nuclear Movement by Attached MT Motor Forces
In the female pronuclear form of nuclear movement, nuclei
associate laterally with MTs and move along them, powered
by nuclear-envelope-associated motors (Figure 3B). This is
typical of nuclear movements that occur during developmental
events. Genetic screens that identified KASH (Unc83) and SUNCell 152, March 14, 2013 ª2013 Elsevier Inc. 1381
Figure 3. Mechanisms of Nuclear Movement
(A) Schematic of male pronuclear-type nuclear movement mediated by MTs
(green). Forces (arrows) can be generated by MT polymerization, depoly-
merization, or dynein motors (red) anchored in the cortex or cytoplasmic sites.
(B) Schematic of female pronuclear-type nuclear movement mediated by MT
dynein (red) and kinesin (orange) motors. Forces (arrows) are generated by
motors that laterally connect nuclei to MTs.
(C) Schematic of actomyosin-type nuclear movement. Force (arrows) is
generated by the actomyosin-dependent flow of dorsal actin cables (red).(Unc84) proteins in C. elegans revealed that these proteins were
required for nuclear movement in various cell types (Starr and
Fridolfsson, 2010). Unc83 recruits both dynein and kinesin-1
motors to the nuclear envelope, where kinesin-1 is responsible
for moving the nucleus while dynein contributes to
directionality (Fridolfsson and Starr, 2010).
Female pronuclear-type nuclear movements are pronounced
in the developing nervous system. Early genetic screens in
Drosophila identified Klarsicht, or Klar, as a founding member
of the KASH protein family, and it is required for apical move-
ments of nuclei that establish the proper arrangement of cells
in the ommatidium (Mosley-Bishop et al., 1999). Klar function
has been linked to kinesin and dynein (Welte, 2004), suggesting
that it may recruit these MT motors to the nuclear envelope.1382 Cell 152, March 14, 2013 ª2013 Elsevier Inc.Mutants in the dynein regulators dynactin and DLis1 have similar
nuclear migration defects asKlarmutants (Fan and Ready, 1997;
Swan et al., 1999). Mutants in lamin Dm(0) and the SUN protein
klaroid disrupt Klar localization to the nuclear envelope and
apical movement of the nucleus, generating the same Klar
phenotype (Kracklauer et al., 2007; Patterson et al., 2004). This
result was the first to suggest that the nuclear lamina anchored
the LINC complex.
Female pronuclear-type nuclear movements occur during two
stages of vertebrate central nervous system development. In
neuroepithelial radial glial cells, which serve as neuronal precur-
sors, nuclear movement occurs along the apical-basal axis in
a cell-cycle-dependent fashion. This has been termed interki-
netic nuclear migration (INM). During INM, the nucleus moves
basally during G1 and returns during G2 to an apical location
where mitosis occurs (Taverna and Huttner, 2010). As the
centrosome remains apical, basal and apical movements occur
in MT plus and minus end directions, respectively. MT motors
have been implicated in these movements. The kinesin-3 family
member, Kif1a, has been implicated for plus-end-directed
movement and dynein for minus-end-directed movement (Tsai
et al., 2007; Tsai et al., 2010). Nesprin-1 and nesprin-2may serve
as recruitment factors for MT motors in vertebrate INM.
Knockout of their genes in mice and zebrafish leads to defective
INM in the neocortex and retina, and mouse nesprin-2 coimmu-
noprecipitates with dynein and kinesin-1 (Tsujikawa et al., 2007;
Yu et al., 2011; Zhang et al., 2009). Interfering with the dynactin
and Lis1 gives similar phenotypes (Tsai et al., 2005; Tsujikawa
et al., 2007). Nuclear movements in vertebrate INM may be
more complex than in the Drosophila eye, as myosin II and acto-
myosin contractility may also play a role (Norden et al., 2009;
Schenk et al., 2009).
The second stage of vertebrate central nervous system
development involving female pronuclear-type movements is
neuron migration. After their ‘‘birth’’ in the neuroepithelium,
neurons migrate significant distances to their final locations.
Most migrating neurons exhibit a characteristic two-stroke
form of migration in which the narrow leading process extends;
the centrosome thenmoves forward into a swelling in the leading
process followed by the nucleus and the rest of the soma (Tsai
and Gleeson, 2005). Nuclear movement toward MT minus ends
at the centrosome is dependent on dynein and its regulators
Lis1 and NudE (Shu et al., 2004; Tsai et al., 2007). The centro-
some also moves in a dynein- and Lis1-dependent fashion.
Lis1 binds to a specific nucleotide state of dynein and enhances
force generation, which may be necessary for moving the
nucleus (McKenney et al., 2010). Nesprin-2 and SUN1/SUN2,
which are also required for the forwardmovement of the nucleus,
may recruit dynein to the nucleus (Zhang et al., 2009). Doublecor-
tin, a MT-associated protein, is also required for nuclear move-
ment during neuron migration (Koizumi et al., 2006). Importantly,
nuclear movement during neuronal migration is also dependent
on actomyosin contraction (see below), so this is not a pure
form of female pronuclear-type movement.
The two-stroke mode of migration with a large separation
(5–18 mm) between the centrosome and nucleus is thought to
be a particular feature of neurons and is not typically observed
in other migrating cells. Nonetheless, the same anterior
Table 3. Genes Encoding Proteins Functioning in Nuclear Positioning Linked to Human Disease
Human Gene Protein Function Human Disease(s) Disease Phenotypes
DCX doublecortin stabilizes microtubules lissencephaly mislocalization of cortical neurons,
‘‘smooth brain’’
LIS1 Lis1 dynein regulation lissencephaly mislocalization of cortical neurons,
‘‘smooth brain’’
TUBA3 a-tubulin MT component lissencephaly mislocalization of cortical neurons,
‘‘smooth brain’’
LMNB1 lamin B1 lamina component adult onset leukodystrophy results
from gene duplication
demyelination
LMNB2 lamin B2 lamina component susceptibility to acquired partial
lipodystrophy
regional fat loss
SUN1 Sun1 LINC complex none to date
SUN2 Sun2 LINC complex none to date
SYNE1 nesprin-1 LINC complex (1) cerebellar ataxia; (2) myopathies;
(3) arthrogryposis
(1) coordination defects; 2) cardiomyopathy
and muscular dystrophy; 3) congenital joint
contractures and muscle weakness
SYNE2 nesprin-2 LINC complex myopathies cardiomyopathy and skeletal muscular
dystrophy
SYNE4 nesprin-4 LINC complex high-frequency hearing loss progressive high-frequency hearing loss
LMNA A-type lamins lamina components (1) myopathy; (2) partial lipodystrophy;
(3) peripheral neuropathy; (4) progeria
(1) cardiomyopathy with variable skeletal
muscular dystrophy; (2) fat loss from
extremities; (3) peripheral nerve defects;
(4) accelerated aging phenotypeslocalization of the centrosome relative to the nucleus, albeit in
closer proximity, occurs inmanymigrating cell types, and dynein
has been implicated in nuclear movements in migrating non-
neuronal cells (Luxton and Gundersen, 2011).
Actin-Mediated Nuclear Movement
A groundbreaking study in C. elegans identified an outer nuclear
membrane protein, termed Anc-1, which bound to actin and was
essential for anchoring nuclei in the syncytial hypodermal and
intestinal cells (Starr andHan, 2002). Anc-1 is one of the founding
members of the KASH protein family and requires the SUN
protein Unc84 for its outer nuclear membrane localization. While
the discovery of Anc-1 showed that nuclear connections to the
actin cytoskeleton anchor nuclei, we now know that nuclei are
also actively moved through actin-dependent processes, typi-
cally in cells polarizing for migration.
Nuclear Movement by Tethering to Moving Actin Cables
The rearward positioning of the nucleus in migrating cells
(Figure 1B) may result, at least in part, from an extension of the
leading edge. Yet, studies in a number of cultured cell types
have revealed that rearward nuclear positioning is an active
process independent of cell protrusion (Desai et al., 2009; Dupin
et al., 2011; Gomes et al., 2005; Luxton et al., 2010).
A direct mechanism for moving the nucleus has been estab-
lished in experiments utilizing wounded monolayers of serum-
starved fibroblasts treated with LPA, which stimulates cell polar-
ization, but not protrusion ormigration (Luxton et al., 2010). In this
system, rearward-moving dorsal actin cables induced by Cdc42
provide force to move the nucleus (Figure 3C). Movement of
dorsal actin cables is likely powered by myosin II, as its inhibition
prevents actin flow and nuclear movement (Gomes et al., 2005).These cables are directly coupled to the nucleus by nesprin-2G
and SUN2, which accumulate along them to form linear assem-
blies termed transmembrane actin-associated nuclear (TAN)
lines. Actin-binding CH domains of nesprin-2G are required for
TAN line formation and nuclear movement. A-type lamins anchor
TAN lines to the nucleoskeleton, and in their absence, TAN
lines slip over an immobile nucleus (Folker et al., 2011). This
anchorage is presumably mediated through SUN2 binding to
A-type lamins. Additional anchorage may be mediated by
SUN2 binding to SAMP1, which also localizes to TAN lines and
is necessary for nuclear movement (Borrego-Pinto et al., 2012).
Nuclear Movement by Actomyosin Contraction
Nuclear movement appears to be rate limiting for cells migrating
through narrow extracellular spaces in which nuclei become
deformed (Friedl et al., 2011). In at least some of these cases,
passage through a narrow opening specifically requires myosin
II (Beadle et al., 2008), suggesting that actomyosin-mediated
nuclear movement is necessary. Myosin II is also necessary for
the forward movement of the nucleus in migrating neurons (Sol-
ecki et al., 2009; Tsai et al., 2007), localizing behind it where it
may provide contractile forces that help to move it into the
leading process. This may reflect the difficulty of moving the
nucleus into the narrow leading process, which requires nuclei
to become elongated.
Nuclear Positioning and Disease
We have provided several examples of nuclear positioning
events that are required for specific cellular processes. Given
this requirement, one could imagine that defects in themolecular
toolbox for nuclear positioning could lead to cellular dysfunction.
Indeed, results from human subjects with inherited diseases andCell 152, March 14, 2013 ª2013 Elsevier Inc. 1383
mousemodels have shown that alterations in proteins involved in
nuclear positioning are associated with pathology. Mutations in
genes encoding proteins involved in MT function, LINC complex
components, and the nuclear lamina all cause human diseases
(Table 3).
Lissencephaly is characterized by mislocalization of cortical
neurons, resulting in decreasedcortical complexity anda smooth
brain surface. Affected children have severe psychomotor retar-
dation, seizures, muscle spasticity, and failure to thrive. At the
cellular level, neuronal migration required for brain development
is blocked. Most cases of ‘‘classic’’ lissencephaly are caused by
deletion or truncating mutations in LIS1 (Reiner et al., 1993). The
Lis1 protein is required for INM and nuclear and centrosomal
movement during two-stroke neuronal migration (Shu et al.,
2004; Tsai et al., 2007). Similarly, mutations in DCX encoding
doublecortin cause X-linked lissencephaly and defective nuclear
movement in neurons (Gleeson et al., 1998; Koizumi et al., 2006).
De novomutations in TUBA3 encoding a-1 tubulin also cause lis-
sencephaly and defective nuclear movement in neurons (Keays
et al., 2007).
Intriguingly, depletion of lamin B1, lamin B2, or both in mice
causes lissencephaly-like phenotypes (Coffinier et al., 2010,
2011). These phenotypes result from neuronal migration defects,
which likely have accompanying abnormalities in nuclear move-
ment, although this has not been assessed directly. Nuclei spin
in mouse fibroblasts lacking lamin B1, suggesting that B-type
lamins function in nuclear anchoring (Ji et al., 2007). B-type lam-
ins may therefore anchor LINC complexes. Mutations in genes
encoding B-type lamins have not yet been linked to human
developmental brain disorders, but duplications in LMNB1
cause overexpression of lamin B1 and an adult-onset demyelin-
ating disease (Padiath et al., 2006).
Experiments in knockout mice implicate SUN1, SUN2,
nesprin-1, and nesprin-2 in nuclear migration during neurogene-
sis and migration (Zhang et al., 2009). However, mutations in
genes encoding nesprins have been linked to diseases other
than lissencephaly. Mutations in SYNE1 encoding nesprin-1
cause adult-onset autosomal-recessive cerebellar ataxia char-
acterized by diffuse cerebellar atrophy and impaired walking,
dysarthria, and poor coordination (Gros-Louis et al., 2007).
This could potentially result from neuronal migration defects in
a specific region of the brain. Mutations in SYNE1 have also
been reported to cause an autosomal-recessive form of arthrog-
ryposis multiplex congenita characterized by congenital joint
contractures, muscle weakness, and progressive motor decline
(Attali et al., 2009). Mutations in SYNE1 and SYNE2 have further
been reported to cause Emery-Dreifuss muscular dystrophy
(EDMD)-like phenotypes (Zhang et al., 2007a). Mutations in the
gene encoding the LINC-complex-associated protein emerin
were first reported to cause X-linked EDMD (Bione et al.,
1994), and mutations in LMNA-encoding A-type lamins are
responsible for most autosomally inherited cases (Bonne et al.,
1999). This suggests an association between LINC complex
function and EDMD-like phenotypes, which generally share a
dilated cardiomyopathy with variable skeletal muscle involve-
ment. More recently, mutation in SYNE4 encoding nesprin-4
has been shown to cause autosomal-recessive, progressive
high-frequency hearing loss (Horn et al., 2013).1384 Cell 152, March 14, 2013 ª2013 Elsevier Inc.Nuclear positioning defects caused by SYNE1 and SYNE2
mutations have been described. One patient with a SYNE1
mutation and cerebellar ataxia was reported to have fewer
muscle nuclei under neuromuscular junctions (Gros-Louis
et al., 2007). Similarly, deletion of the KASH domain from
nesprin-1 in mice abolishes synaptic nuclei clustering and
disrupts spacing of nonsynaptic nuclei in skeletal muscle;
deletion of the nesprin-2 KASH domain has no effect but exac-
erbates the defect in mice lacking nesprin-1 (Zhang et al.,
2007b). Nesprin-2 deletion in mice disrupts nuclear movement
in cells of the neocortex and retina, causing reduced thickness
of the cortex and the outer nuclear layer into which newly
formed photoreceptor cells migrate (Yu et al., 2011; Zhang
et al., 2009). Mice lacking nesprin-4 suffer from deafness,
mimicking the human mutation phenotype, and have abnormal
positioning of nuclei in cochlear outer hair cells (Horn et al.,
2013). Although no disease-causing mutations in SUN1 or
SUN2 have been described in humans, depletion of both
proteins from mice cause nuclear positioning defects in muscle,
retina, and developing brain, similar to those in mice lacking
nesprin-1 and nesprin-2 (Lei et al., 2009; Yu et al., 2011; Zhang
et al., 2009). Mice without SUN1 also have hearing loss and
abnormal nuclear positioning in cochlear outer hair cells (Horn
et al., 2013).
The tissue-selective human diseases and pathology in mice
that occur in response to alterations in different SUNs and
nesprins may result because only certain isoforms are necessary
in different tissues. Data frommice demonstrate tissue-selective
differences in the expression of nesprins and SUNs, yet there is
no comprehensive analysis of the expression patterns and
tissue-type functionality of all of the different nesprins and
SUNs. Results from knockout mice also suggest redundancy in
the function of SUN1 and SUN2 and different tissue effects of
nesprin-1 and nesprin-2.
Mutations in LMNA encoding the A-type lamins cause
a broad range of human diseases often referred to as ‘‘lamino-
pathies’’ (Dauer and Worman, 2009). LMNA mutations that
cause EDMD and related myopathies are mostly missense or
small in-frame deletions, which lead to expression of variant
proteins, splice site truncations, or promoter mutations.
Depletion of A-type lamins from mice leads primarily to cardiac
and skeletal muscle phenotypes, suggesting that LMNA muta-
tions, even dominant ones leading to variant protein expres-
sion, somehow cause loss of function (Sullivan et al., 1999).
Skeletal muscles from humans with autosomal dominant
EDMD and Lmna null mice both have nuclei in the center of
myofibers rather than at their normal peripheral localization.
However, this also occurs in other myopathies not associated
with defects in proteins directly implicated in nuclear posi-
tioning. For more on laminopathies, please see the Review by
Schreiber and Kennedy on page 1365 of this issue (Schreiber
and Kennedy, 2013).
In migrating fibroblasts depleted of A-type lamins or express-
ing variants associated with myopathy, actin-dependent rear-
ward nuclear movement fails to occur (Folker et al., 2011). In
these cells, nesprin-2G assembles into TAN lines that slip over
the nucleus rather than moving with it, indicating an anchorage
defect. Amino acid substitutions within an immunoglobulin-like
motif in the tail of A-type lamins cause partial lipodystrophy,
which is characterized by fat loss from the extremities. In
contrast to those causing myopathy, expression of lamin A
variants that cause lipodystrophy inhibit MT-dependent centro-
some positioning, but not actin-dependent nuclear movement
in migrating fibroblasts (Folker et al., 2011).
Except for cases in which nuclear positioning defects asso-
ciate with abnormal neuronal migration, the relationship of the
positioning defects observed in model systems to pathogenic
mechanisms remains uncertain. It is not known why alterations
in the nuclear positioning proteins affect only cells in certain
tissues when the proteins are widely expressed. In some
instances, observed nuclear positioning defects may not directly
connect to the disease, such as mispositioning of nuclei at the
neuromuscular junction in cerebellar ataxia. Overall, alterations
in the nuclear positioning toolbox most often affect tissues,
such as the nervous system and striated muscle, in which cell
migration plays an important role in organ development or
homeostasis. Abnormal force transmission between the nucleus
and cytoplasm may also render cells more susceptible to
damage by mechanical stress, leading to activation of stress
response or apoptotic pathways, resulting, respectively, in cell
dysfunction or death.
Cellular Significance of Nuclear Positioning:
Hypotheses and Perspectives
Our understanding of why cells move and position their nuclei
is still rudimentary. Yet, interfering with proteins involved in
nuclear movement inhibits many cell functions. Defects in
the nuclear positioning toolbox also cause disease. Thus,
nuclear positioning itself may influence other cellular activities.
Here, we put into perspective evidence supporting the hypoth-
eses that nuclear positioning influences the organization and
mechanical properties of the surrounding cytoplasm, cyto-
plasmic signaling, and accessibility of the nucleus to signaling
pathways.
The Nuclear Envelope as a Cytoskeletal Integrator
Identification of the LINC complex and other proteins mediating
nucleocytoskeletal connections raises the possibility that the
nucleus not only attaches to the cytoskeleton, but also organizes
it. Even before the identification of specific nucleocytoskeletal
connectors, a classical experiment by Ingber and colleagues re-
vealed that the nucleus was physically connected to integrins in
the plasma membrane (Maniotis et al., 1997). These investiga-
tors showed that applying force to fibronectin beads attached
to integrins moved the nucleus tens of microns away. Although
the nature of the connection was not identified, this observation
clearly reflects linkages that exist between the nucleus and the
plasma membrane.
The nucleus influences the MT cytoskeleton through its asso-
ciation with MTOCs, which determine where MT minus ends
are anchored. A more direct influence of the nucleus on MT
distribution occurs in cells with noncentrosomal MTs. In multi-
nucleated myotubes, which lack functional centrosomes, MTs
minus ends are attached to nuclei by unidentified linkers,
contributing to an overall bipolar array of MTs with mixed
polarity (Tassin et al., 1985). The nucleus may also affect orga-
nization of the actin cytoskeleton. CH-domain-containingnesprins tether the nucleus to actin filaments, but whether
they organize actin arrays around it is less certain. In fibroblasts
polarizing for migration, depleting nesprin-2G or A-type lamins
does not alter the overall distribution of actin filaments or the
formation and movement of dorsal actin cables (Folker et al.,
2011; Luxton et al., 2010). However, alterations in actin fila-
ments and focal adhesions have been reported when LINC
complex components are perturbed (Hale et al., 2008; Khatau
et al., 2009). This may reflect lack of direct connection of the
actin arrays to the nuclear envelope or indirect effects. These
findings suggest that, at least under some circumstances,
the nucleus actively participates in organizing certain actin
structures.
Additional evidence that the nucleus organizes the cytoplasm
comes from biophysical measurements. Cytoplasmic stiffness
adjacent and distal to the nucleus is altered in cells depleted of
A-type lamins (Broers et al., 2004; Lammerding et al., 2004).
Whether this result solely reflects direct physical links between
the nucleus and cytoskeleton or indirect effects of signaling
pathways that are also modified by alterations in the nuclear
envelope (see below) is presently unclear.
The Nuclear Envelope as a Regulator of Signaling
Pathways
As the largest and most compression-resistant membrane-
bound organelle in the cell, the nucleus has been likened to
a ‘‘molecular shock absorber’’ (Dahl et al., 2004). Theoretically,
movement of such a large, non-deformable organelle through
the cytoplasm will result in tensile and/or compressive forces.
Mediated by nuclear connections to the cytoskeleton, these
forces could be transmitted to distal sites that are mechanical
transducers, such as integrin-based focal adhesions or cad-
herin-based cell-cell adhesions (Leckband et al., 2011; Parsons
et al., 2010). In a sense, the nucleus would act like the bead
in Ingber’s experiment, except that force would originate
inside rather than outside of the cell. Given that adhesions
respond to mechanical stimuli by regulating Rho GTPase and
mitogen-activated protein (MAP) kinase signaling, the predic-
tion is that nuclear movement may affect the activity of these
pathways.
The idea that nuclear movement may regulate cellular
signaling pathways has not been directly tested. Yet there is
evidence that alterations in the nuclear movement toolbox alter
signaling pathways. Lamin A variants that cause myopathies
increase MAP kinase signaling, as does knockdown of A-type
lamins or emerin (Muchir et al., 2007, 2009). Similar results
have been obtained for Rho signaling (Hale et al., 2008). Given
that alterations in A-type lamins interfere with actin-dependent
nuclear movement (Folker et al., 2011), it is possible that
changes in signaling result from altered nuclear positioning.
A-type lamins may also affect signaling by interacting with
proteins in the pathway, for example, by binding the MAP kinase
ERK1/2 (Gonza´lez et al., 2008). KASH proteins may recruit
signaling molecules to the nuclear envelope and regulate their
activities, as nesprin-2 binds active ERK1/2, and its knockdown
results in prolonged ERK1/2 activity (Warren et al., 2010). As
other actin-dependentmembrane structures such as focal adhe-
sions regulate signaling, TAN lines assembled on the surface of
the nuclear envelope may also.Cell 152, March 14, 2013 ª2013 Elsevier Inc. 1385
Nuclear Position as a Response Regulator of Signaling
Pathways
The position of the nucleus may also alter its responsiveness to
pathways that regulate transcription and mRNA transport and
localization. It is generally assumed that latent cytoplasmic tran-
scription factors and second messengers activated by plasma
membrane receptors reach the nucleus in an unabated fashion.
However, the distance that they travel may depend on encoun-
ters with costimulatory and inhibitory factors in the cytoplasm
(Calvo et al., 2010). Thus, the nucleus’s position relative to the
origin of an external signal may modulate its response. This
could be particularly important for asymmetrically encountered
signals, for example, on the apical or basal aspects of epithelia
or in gradients of external factors during development. The
spatial relationship between the nucleus and the primary cilium
changes in many developing epithelia, such as the neuroepithe-
lium, and may affect the output of signaling pathways, such as
the Sonic hedgehog pathway that requires the cilium (Goetz
and Anderson, 2010). Signaling from intracellular sites, such as
the signaling endosome, may enhance responsiveness by
bringing the signal in close proximity to the nucleus.
Only one study has directly examined the relationship
between nuclear position and asymmetrical signaling (Del
Bene et al., 2008). A gradient of Notch signaling, highest at
the apical surface, exists in the retinal neuroepithelium, as in
other epithelia (Murciano et al., 2002). INM moves the nucleus
basally during G1, exposing it to lower Notch activity. A muta-
tion in the zebrafish mok gene encoding the dynactin p150glued
subunit causes longer and faster basal nuclear excursions,
resulting in increased basal mitoses and the formation of early
differentiating neurons at the expense of later ones (Del Bene
et al., 2008). Notch overexpression rescues themok phenotype,
showing that it results from inadequate exposure of the nucleus
to Notch due to defective nuclear movement. Alterations in
Syne-2 lead to similar changes in INM and cell fate in zebrafish
retina (Tsujikawa et al., 2007). Deficiencies in Cep120 and
TACC, proteins that affect the centrosome-MT connection, or
in nesprin-2 or SUN1/2 also affect INM in developing mouse
cerebral cortex and lead to early depletion of neural progenitors
(Xie et al., 2007; Zhang et al., 2009). Although altered cell
fate has not yet been demonstrated in these studies, they
are consistent with altered response to Notch or other apical
signals.
Conclusions
Rather than being a passive or random phenomenon, active
mechanisms exist to position nuclei in cells. We have reviewed
the molecular tools and mechanisms that move and position
nuclei, most of which are conserved among eukaryotes. Human
diseases result from genetic abnormalities in nuclear movement
toolbox proteins and, in some cases, are linked to altered nuclear
movement. We have highlighted potential mechanisms by which
nuclear position may influence cellular processes and disease
pathogenesis. Additional investigation is needed to understand
how the nucleus affects these processes and to separate direct
from indirect effects of its positioning. Future basic research on
nuclear positioning and how it affects cellular processes is likely
to significantly impact public health.1386 Cell 152, March 14, 2013 ª2013 Elsevier Inc.ACKNOWLEDGMENTS
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